The non-recurrent traffic congestion triggered by crashes is one of the most important factors that undermine the traffic efficiency of urban road networks. In this article, an improved cellular automaton model was proposed to simulate the non-recurrent congestion triggered by crashes in grid networks with signalized intersections. Four rules were adopted to represent vehicle movements on road sections and intersections. The network speed is adopted to capture the propagation and dissipation of the non-recurrent congestion. The effect of main influencing factors of crashes on the road network was evaluated through the simulation. Simulation results showed the incident duration and areas affected by the distance between the crash point and the upstream intersection, the number of closed lanes, and the crash duration. In addition, the stop-start wave was observed in the simulation. The realistic findings from the simulations validated the model to have the potential for practical applications in the analysis of the non-recurrent congestion triggered by crashes.
Introduction
Nowadays, the congestion problem has become a major and costly problem in many countries due to the rapid increase in the automobile ownership. Crashes are a major cause of the non-recurrent congestion that may diminish the available capacity of the road during a certain period of time. 1 Existing research has studied nonrecurrent traffic congestion detection, 2,3 evolution, 4, 5 and control. 6, 7 Developing a dynamic traffic simulation model of urban road networks to reveal the evolution mechanism of a non-recurrent congestion can promote the development of effective traffic control strategies, such as the ramp metering of freeways, 8 vehicle movement ban, and diversion for road networks. 9, 10 For the one-dimensional system such as freeways, the fundamental diagram (FD) is utilized to identify the congestion with the mean speed, flow, and density. For a road network, the macroscopic fundamental diagram (MFD) can describe the relationship between the network-aggregated demand and performance. 11 MFDs have been extensively studied for being calibrated based on real world data, 12 characterizing the network traffic behavior, 13, 14 evaluating the effect of adaptive traffic signal systems, 15 and implementing traffic control strategies. 16, 17 MFDs can determine relationships between macroscopic network metrics and microscopic characteristics such as the flow, density, speed, and travel time. 18 The existence of MFDs has been observed under a variety of conditions. 19, 20 Some crash analysis have been researched using realistic data. 21, 22 However, for the non-recurrent congestion, the speed change over time in the network is a more useful indicator of the traffic state. Thus, there is a need of the method that can model the detailed vehicles' movements so as to capture the speed change triggered by the crash.
A stochastic cellular automaton (CA) model is the one that has often been utilized to simulate the evolution of traffic flows in road networks. The CA model is an effective tool to simulate the non-recurrent congestion due to its strengths in terms of simplicity, flexibility, and immediacy. The initial one-dimensional CA traffic model (Nagel-Schreckenberg) 23 and the twodimensional CA traffic model (Biham-Middleton-Levine) 24 were proposed in 1992. Various factors have been incorporated into CA models to enhance their ability to simulate the detailed traffic moving phenomena. Jiang et al. 25 utilized the Nagel-Schreckenberg CA model to simulate the traffic flow in a Manhattan-like urban network to depict the traffic breakdown. Zhang et al. 26 studied and compared MFDs on the arterial road network governed by different types of adaptive traffic signal systems using the CA model.
In this article, the CA model is improved to simulate the effect of the network traffic density, the crash's position on the road section, and the crash duration, on the network traffic mobility.
Improved model
The effect of a crash on the non-recurrent congestion is studied in a hypothetical urban road network in which all intersections use stop sign controls where vehicles approaching the intersection from all directions are required to stop before proceeding through the intersection. As shown in Figure 1 , the network consists of S 3 S roads. Each road is divided into two road sections, each road section includes three lanes, which are divided into L cells, and one vehicle occupies one cell on the road and two cells at the intersection. Vehicles drive on the right-hand side of the road and can go through and turn left or right, but cannot make a Uturn at the intersection. The intersection is controlled by four-phase signals, and all-red intervals are set between each phase to ensure that the vehicles in the intersection are cleared and collisions are avoided.
In the beginning, each car is randomly assigned an origin and a destination in the network and travel along the shortest path in terms of distance to their destinations. When a vehicle arrives at its destination, it will randomly select a new destination to continue its travel. 9 During the unit time r, at time step t, let N t be the number of vehicles in the road network, and N t, i and v t, i, n be the number of vehicles and speed of the nth vehicle in the road section R i , respectively, and i = 1, 2, . . . , 4 3 S 3 (S À 1). The road section speed v i (r) is defined as the average instantaneous speed of vehicles on the road section
The movement behavior of a vehicle traveling through an intersection is quite different from that on a road. Hence, update rules of vehicles on roads and in intersection areas are proposed below.
As shown in Figure 2 , let x n and v n be the position and speed of the nth vehicle on a given road section. Each vehicle has a maximum speed v max and v n = 0, 1, . . . , v max . In particular, turning vehicles at intersections should slow down and travel at speeds of 0 or 1. Then, d n = x n + 1 À x n À 1 is the distance between the nth vehicle and its leading vehicle, and if the nth vehicle is the first vehicle, then d n = L À x n . S n = L À x n is the distance between the nth vehicle and its downstream intersection. Let d back and d other be the distance between the nth vehicle and its following vehicle and leading vehicle in the adjacent lane. Let d avoid be the length of the prohibitive lane changing line. Let K n be the nth vehicle's lane present number, where K n = 1 means the innermost lane, K n = 2 means the middle lane, and K n = 3 means the outermost lane. Let K other be the number of adjacent lanes. Let F n represent the direction of the nth vehicle on the next intersection, and F n = 1, F n = 2, and F n = 3 represent the left turning, through, and right turning. At each time step Dt, the speed and position of each vehicle is updated in parallel according to the following four rules:
Lane changing according to its turn in the downstream intersection 1 . When x n ł L À d avoid , the nth vehicle is in the front of the prohibitive lane changing line; 2. When K n 6 ¼ F n , the nth vehicle is not in the right lane, and it needs to change the lane; 3. When jK other À F n j ł jK n À F n j, the nth vehicle will arrive or is close to the right lane after the lane changing; 4. When d back . v max 3 Dt, the lane changing of the nth vehicle will not affect the following vehicle in the adjacent lane.
If the above four conditions are met, the nth vehicle will change its lane to the adjacent lane.
Lane changing according to the distance to the leading vehicle 
Update rules for turning vehicles in the intersection
If the front cell is empty, then the vehicle moves to the front cell at the end of the step; otherwise, the vehicle will hold still. This rule will be adopted for all turning vehicles in cells 1-36.
Update rules for through vehicles in the intersection and vehicles in the lane
Step 1. Acceleration: v n ! min (v n + 1, v max ).
Step 2. Deceleration: when green light v n ! min (v n , d n ) for through vehicle and v n ! min (v n , d n , s n + 1) for turning vehicle; when red light v n ! min (v n , d n , s n ). Step 3. Randomization: v n ! max (v n À 1, 0) with the probability p slow .
Step 4. Vehicle movement: x n ! x n + v n .
Simulation and analysis of crashes
This section presents and discusses the effect of crashes on road traffic flows and the congestion propagation in a hypothetical simulation study. In the simulation, as shown in Figure 1 , the system size is set as S 3 S = 5 3 5, and the length of the road is set as L = 40. Assume that each time step corresponds to 1 s, each cell on the road corresponds to 7.5 m, the length of the road is 300 m, and each cell on the intersection corresponds to 3.5 m. Let the randomization probability p slow = 0:1 and the lane changing probability p change = 0:2. The maximum velocity v max = 3 cell=s, then, the maximum velocity corresponds to 81 km/h (22.5 m/s). If the average instantaneous velocity v i (r) is less than 15 km/h, then it is considered that the road section is affected by the crash and is in a state of traffic congestion. The signal period of each intersection is consistent in the grid network. And the signal period is assumed 40 s.
Effect of the number of vehicles N t
The crash is assumed to happen in the middle of road section 31 from 300th time step to 600th time step under the number of vehicles N t = 250 and N t = 750, which results in the closure of all lanes of the crash section. Figure 3 During morning and evening rush hours, there are more vehicles in the urban road network. Therefore, the crash happening during morning and evening rush hours has a greater effect than the one that happens during other times on traffic flows.
Effect of the crash's position on the road section L n
We assume that the crash happens in the cell away from the upstream intersection L n = 6;20, on road section 31 from the 300th time step to 600th time step under the number of vehicles N t = 500, where two lanes of the crash section are closed. Figure 4 shows the effect of the distance between the crash point and the upstream intersection on the road section speed v i (r). One can see that when the distance is 20 cells, as shown in Figure 4(a) , v 31 (r) and v 22 (r) decrease to 15 km/h and below. When the distance is six cells, as shown in Figure 4(b) , in addition to the above two road sections, v 13 (r), v 23 (r), and v 32 (r) also decrease significantly. This means that the decrease in distance between the crash point and the upstream intersection leads to a higher impact of the crash. It is easy to understand that if the crash is close to the upstream intersection, the time required to propagate the stop wave upstream and the cross intersection will be shortened, and the congestion will spread to upstream roads more easily.
In addition, the congestion always occurs in the crash section and then spreads to other roads, and after the removal of the crash, the road section speed affected by the crash may continue to decline for some time. For example, as shown in Figure 4(b) , when the crash happens in road section 31, v 31 (r) drops to 0 first, and after a while, v 13 (r), v 22 (r), v 23 (r), and v 32 (r) decrease, then return to normal slowly.
Moreover, there is a speed rebound on the crash section after the removal of the crash. It is because the crash makes all lanes of the crash section closed to form an empty space in front of the crash point. Once the crash is removed, vehicles move on quickly to form a starting wave; therefore, the speed rebounds quickly first, then declines, and finally increases slowly to return to normal. When the distance is 20 cells, the maximal rebound of the crash section speed v 31 (r) after the removal of the crash is 18 km/h, and when the distance is six cells, the maximal rebound is 25 km/h. This means that the longer the distance between the crash point and the downstream intersection is, the more apparent the rebound is.
Effect of the crash duration t duration
We assume that the crash happens in the middle of road section 31 from 300th time step to 600th time step (t duration = 300) and 900th time step (t duration = 600), under the number of vehicles N t = 500, and all lanes of the crash section are closed. Figure 5(a) shows the effect of the traffic duration on the speed of road sections 31, 22, 32, 13, and 23 when the traffic duration is 300 time steps. One can see that v 22 (r), v 23 (r), and v 31 (r) drops under 15 km/h after the crash and the affected area includes three road sections. The crash does not affect road sections 13 and 32 seriously. However, when the traffic duration is 600 time steps, as shown in Figure 5(b) , v 13 (r) and v 32 (r) decrease to 15 km/h or below and the affected area includes five road sections plus road sections 13 and 32. These mean that the increase of the traffic duration leads to the expansion of the influence scope, which is because with the increase of the traffic duration, the congestion will propagate much longer and affect more roads.
Conclusion
This article established an improved CA model for the simulation of the non-recurrent congestion triggered by crashes in road networks with signalized intersections. The proposed model can be used to investigate the effects of the number of vehicles, the distance between the crash point and the upstream intersection, the severity of the crash, and the traffic duration on the nonrecurrent congestion.
Simulation results showed that the incident duration and affected area increased with the increase of vehicles, the decrease of the distance between the crash point and the upstream intersection, the increase of closed lanes, and the increase of the crash duration. In addition, the stop-start wave was observed in the simulation. The findings drawn from the simulations validated that the proposed model could represent the real traffic flow phenomenon and thus had the potential for practical applications.
Although the model is rather simple, it has captured the most important parameters in non-recurrent traffic congestions in road networks, that is, the formation, propagation, and dissipation of the traffic congestion affected by crashes and effects of the crash on the network traffic. In the future, more realistic road networks including various types of roads and intersections need to be considered, and more realistic origin-destination data need to be applied with a consideration of timevarying traffic demands. In addition, studies should be conducted to model the real route choice behavior of drivers with a consideration of the heterogeneity of travelers, the dynamic control methods, and strategies for managing traffic congestions, such as the dynamic route guidance, temporary vehicle ban, and adaptive traffic lights.
